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Introducing Bolometers (1)

|) What does “bolometer” mean?
Radiation detector (from ancient greek (30AOG: ray).

2) What is a bolometer?

It is detector designed to be an ideal calorimeter in which
100% of the released energy is measured.

3) How does it works?
The basic idea is to measure the energy deposited by a

particle after it has been converted into heat with a T
Sensor.
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Introducing Bolometers (ll)

4) How is a bolometer built?
Usually is composed by a solid in which the radiation

interacts producing a T increase and by a sensor that
reads this T increase.

5) What is a Macrobolometer?
Bolometer with a mass in the 100 g -1 kg scale.

6) Which are the advantages?
Bolometers provide better energy resolution (~few per

mil). Moreover a wide range of materials can be used for
the absorber.
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Introducing Bolometers (lll)

7) Which are the disadvantages!

The response is very slow: tens of msec or slower (the
bigger the detector, the slower the response).

8) When should | use a Macrobolometer?
|deal applications in rare events particle physics in which

the rate of events is very low but a very good energy
resolution is needed.
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Advantages of Bolometers over conventional
devices for radiation spectroscopy

( Bolometers are Phonon-Mediated particle detectors )
Intrinsic E lution )
Intrinsic Energy resolution
£ €: energy to produce an elementary excitation A
* N = E/&: number of elementary excitation
« AE=¢ AN =¢€ (N)"2 = (gE)'2
. (RMS energy resolution due to Poisson fluctuations) )
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Advantages of Bolometers over conventional
devices for radiation spectroscopy

P. Gorla

(

Bolometers are Phonon-Mediated particle detectors )
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Advantages of Bolometers over conventional
devices for radiation spectroscopy

( Bolometers are Phonon-Mediated particle detectors )

(Intrinsic E luti )
\n FINSIC nerg)’ resoiution

4 . aYa p
* &:energy to produce an elementary excitation

* N = E/&: number of elementary excitation
1/2
« AE=g AN =¢€ (N)"?2 = (eE)!? AERMSC>< (E)

(RMS energy resolution due to Poisson fluctuations)

AN

-
-

VAN

scintillator  gas detector solid state detector bolometer
e 100evV = 30eV = 3 eV = <0.0l eV

Moreover in a bolometer all the deposited energy is converted into phonons while in )
conventional devices the fraction of total energy that is converted in signal is small
(30% in semiconductors, | 5% scintillators,...)

\

J
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Thermal and athermal phonons
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Perfect calorimeter

-

Heat sink P
T=10-100 mK

\vix

/

NN

Absorber (C)

\

Impinging
radiation (E)

o

W

L\

\Thermometer

(phonon sensor)

Thermal coupling (G)

* The only relevant parameter for the energy absorber is the heat capacity C.
* The thermal conductance to the bath G enables the temperature recover.

P. Gorla
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Signal amplitude ]

AT =E/C
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Relaxation time J

T=C/G
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Perfect calorimeter

-

Heat sink P
T=10-100 mK

\vix

/

NN

Absorber (C)

\

Impinging
radiation (E)

o

W

L\

\Thermometer

(phonon sensor)

Thermal coupling (G)

* The only relevant parameter for the energy absorber is the heat capacity C.
* The thermal conductance to the bath G enables the temperature recover.

|

Signal amplitude ]

AT =E/C

* Dielectric diamagnetic materials are preferred

C « (T/Op)? (Debye Law)
[ J

P. Gorla

|

Relaxation time J

T=C/G

(Wide choice of materials!)
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Phonon sensor

* Semiconductor Thermistors (ST)
* Transition Edge Sensors (TES)

4 . . . . )
A phonon sensor is a device that collects phonons and generates or modulates an electrical signal,

proportional to the energy contained in the collected phonons. If the PMD is operated as a perfect
calorimeter, the phonon sensor works as a thermometer.

In practical devices, there are two classes of phonon sensors extensively employed:

ﬂl’here are in addition other devices that can be used a?

phonon/temperature sensors: Kinetic Inductance
Detectors (KID), Superconductive Tunnel Junctions

\(5T)), Magnetic Micro-Calorimeters (MMC), ... J,

( Semiconductor Thermistors (ST))

( Transition Edge Sensors (TES) )

( Doped semiconductors close to the Metal to Insulator (" TEs is 4 superconductive film kept around T. )
Transition (MIT). S It exploits the steep temperature dependence of the
At low temperatures (< ~10 K), the resistivity is given resistance in these conditions
by: W-thermometer on 32 g sapphire crystal

T) = py exp [(Ty/T)"2] B
p( Po €XP [(1g
(Variable Range Hopping with Coulomb gap conduction g 40
regime) o< ] W transition
T, depends on the doping level — it fixes p, and the O at- 1 mk
g 3 10 12 14 16
sensitivity @® Neutron Transmutation Doped T [mK]
(NTD) Ge thermistors Low impedance thermistors = SQUID readout
@ Si-implanted thermistors; Much higher S/N ratio with respect to ST
\_ / /

if we define the sensitivity as
A = ldlogR/dlogTl

A=10 for ST
A=1000 for TES

P Gorla 9
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Summary

Advantages:

® Very good energy resolution

® Wide choice of materials for the energy absorber

® Possibility of building big detectors (~kg scale)
Disadvantages:

® Very slow signal (50 msec - 2 sec)

® Need to work at low temperature

® No radiation identification (?)
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Macrobolometers for rare events
physics

4 p
For many rare events physics applications, such as Neutrinoless Double

Beta Decay (OvDBD), for which the slowness of the detector response is
not a problem the very good energy resolutions guarantees the

possibility of identifying the expected peak from the background.
\ J

f p
Moreover the possibility of choosing different isotopes for the absorber

crystal is a good opportunity both for source=detector experiments
(OVDBD, ...) and for source#detector (Dark Matter search...)
\

J

CRESST
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An historical parenthesis (l)

(The use of bolometers for single radiation
detection was proposed in the 80s by E.

Fiorini and T.O. Niinikoski
E. Fiorini and T.O. Niinikoski: Nucl. Instr. Meth. 224 (1984) 83
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An historical parenthesis (l)

(The use of bolometers for single radiation
detection was proposed in the 80s by E.

Fiorini and T.O. Niinikoski
E. Fiorini and T.O. Niinikoski: Nucl. Instr. Meth. 224 (1984) 83

- y,
g 1991: LTD 4 N ( )
E.Fiorini et al.: First 34 g 1999:
TeO, detector for DBD MiBeta Tower:
20 TeO,
. detectors 340 g
L each, 6.8 kg
\ J L Y,
g “Finally reached the 1 ( ) )
limit of bolometric 2002
___ technique” CUORICINO: | 2009: CUORE
62 TeO, 7 starting the
detectors, 40.7 construction phase
ke || @ LA A - 0.78 tons!
\ J J
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An historical parenthesis (ll)

A
1000 CUO E
O
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e .2 B
@ 10 !
K 2P
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|
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O
330g
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CUORE: Cryogenic Underground
Observatory for Rare Events

Array of 988 detectors. 19 CUORICINO-like

towers M = 0.74] ton of TeO, (200 kg '3%Te) ( Pulse Tube )\
to measure OV-DBD of '3%Te with bolometric

( PuIseTube)
detectors at Laboratori Nazionali del Gran (D'quon unit -.',‘b

/
Sasso. " -

i w
%%@ A Pb
g

A e
S S

'S
A

N

3
N

Y N 2 o’ s
RS O O3

J

4 )
Sensitivity (5y): T'2=2.1-10%y
myv = 35 - 82 meV CUORE
NME from FSimkovic et al. Phys.Rev. C77 - J.Suhonen et al. Int.Jou.Mod.Phys. EI7 -
\ J.Menendez et al. Nucl. Phys.A818 - |.Barea et al. Phys. Rev. C79 ) detector
P. Gorla | 4
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Double Beta Decay (l)

[2V-DBD (M.Goeppert-Mayer, 1935) is an extremely rare second order process allowed\
by SM. It take place when both the parent and the daughter nuclei are more bound than
the intermediate one (or the transition on the intermediate one is strongly suppressed).
Because of the pairing term, such a condition is fulfilled in nature for a number of even-

_even nuclei.

y,
% Energy —~v ,/; T
~ “ 12 2
-~ forbidden 002 mes 5
ax i om0 [~ Tao 2%
- < 7.9x10% y e (I,
b R 2000 |- oTe >
| \\ T am
I \ C, .25 ), A7
| Qag \
| N\
\
| A v
y = Z 2)

130
saXe

2v-DBD: (AZ) — (AZ+2) + 2e + 2V

h -3 ®* e Extremely rare second order process allowed by SM
W< .5  Observed for several nuclei
"¢ e Process: T~ 10'%-10%' y
. .:5 {:EH e
W -~
S
n Er
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Double Beta Decay (II)

\and ii) the neutrino has to have a non-vanishing mass.

(Ov-DBD (W.H.Furry, 1939) is a lepton number violating (AL=2), not
allowed by the Standard Model. The OvDBD can occur only if two
requirements are satisfied: i) the neutrino has to be a Majorana particle,

J

[

This is the crucial process for neutrino physics since can
solve the puzzle of the Majorana nature of the neutrino

J

For 2e- sum energy, expected
sighature is a peak with E = Qgg

J

N

0.%0 1.00 i1.10
K, /Q

Ov-DBD: (A,Z) — (A/Z+2) + 2e¢ —> implies physics beyond SM
n = Er

w‘d?? * Ov-DBD is an extremely rare

: “° e process: TOV> 02410 y [

) CSE - e [ radiation

'S
n > Er 2.0

If Ov-DBD is observed: neutrino is a 1.0

Majorana particle and my is measured

2V spectrum

Ov peak

Schetcher, Valle Phys.Rev.D25 2951 1982

P. Gorla
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Double Beta Decay (ll)

r

(T1/2) — g(z

Q)| M[*(my)°

~N

\
-
- /\ Nuclear physic:

Atomic physic: nuclear matrix elements
(big uncertainties!)

phase space term

J

\
_O©Q) J
£|<m > =| m;|U, P+m,y|U,;, 2 e®+ m; Uy PeP |
4 )
Parameterizing m, —\/Amsol 2
= o o =l =Sy
\ J
P. Gorla |7

Majorana phases

(Particle physics:
neutrino mass

(neutrino propagator)
-

~N

J
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Present strategles

HM-KK evidence (bestl
value 0.32) J

[ 99% CL (1

107 107 10~ 107! 1
lightest neutrino mass in eV
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Present strategles

HM-KK evidence (bestl
value 0.32) J

GERDA-|

1_1' | : CUORE-0

Phase |: scrutinize w

HM-KK evidence S
2, ;
107~
AN
Q.
aal
=
~  10?|
[ 99% CL (1
107 b

107 107 10~ 10! 1
lightest neutrino mass in eV
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Present strategles
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value 0.32) J
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CUORE-0
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HM-KK evidence

/
(confirmed )

l

- N
Phase Il: cross

confirm with

observation in several 104 &

different nuclei 10 10 10 10 1
\- J lightest neutrino mass in eV

" 99% CL (1
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Present strategles

HM-KK evidence (bestl

value 0.32) J

Phase |: scrutinize w
HM-KK evidence

/

(conﬁ rmed) not
confirmed

l

- N
Phase Il: cross

confirm with
observation in several

L different nuclei y

A 4

Phase |l: explore the
Inverted Hierarchy

" 99% CL (1

107

107
lightest neutrino mass in eV

GERDA-|

1 CUORE-0

CUORE
GERDA
EXO...

(IH) option
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Present strategles

HM-KK evidence (bestl

value 0.32) J
| GERDA-I
CUORE-0
Phase |: scrutinize W CUORE
HM-KK evidence GERDA
‘/ EXO...
(conﬁrmed) not
l confirmed
r N
Phase |l: cross _
confirm with " 99% CL (1

observation in several
different nuclei

10 107 1072 107! 1
\- J lightest neutrino mass in eV

A 4

Phase |l: explore the
Inverted Hierarchy
(IH) option

e.g..~ 10?7 atoms of isotope, 5 keV
resolution, 5y, <0.01 c/keV kg y
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TeO3 bolometers (I)

TeO, bolometers designed for '3%Te OVDBD search:
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TeO3 bolometers (I)

TeO, bolometers designed for '3%Te OVDBD search:

P. Gorla
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TeO3 bolometers (I)

TeO, bolometers designed for '39Te OvDBD search:

P. Gorla

4 )
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Thermal
P OONANAN NN
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crystal
\ .
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TeO3 bolometers (I)

TeO, bolometers designed for '39Te OvDBD search:

P. Gorla

4 N
Heat sink
(8-10 mK)
Weak
Thermal \
coupling
PTFE TR
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TeO3 bolometers (I)

TeO, bolometers designed for '39Te OvDBD search:

4 )
Heat sink
(8-10 mK)
Weak
Thermal \ | ‘
li |
coupling NN\ — =
Cu holder
Thermometer\\ PTFE :
supports
NTD Ge
sensor
Absorber \
Crystal (C) Te0,
crystal
. J
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TeO3 bolometers (I)

TeO, bolometers designed for '39Te OvDBD search:

P. Gorla
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TeO3 bolometers (I)

TeO, bolometers designed for '39Te OvDBD search:

P. Gorla
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Heat sink
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TeO3 bolometers (I)

TeO, bolometers designed for '39Te OvDBD search:

P. Gorla
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Heat sink
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TeO, bolometers (Il)

In CUORICINO and CUORE experiments we use TeO,

because it contains '3%Te, but why 3%Te?

4 p
. . . |sotopic abundance (%
* high natural isotopic abundance (33.87 %) 40 g (%)
®
20
0
\ 48Ca 76Ge BZSe QGZr 1OOMO 11BCd WSO—I—e 136xe 150Nd )
( . . _ )
* high transition energy (Q=2530 keV) 5 Transition energy (MeV)
4 p
< 2615 4
2382
2530 3
/‘ j .
2
\ \ ) 48Ca 76Ge 8ZSe 96Zr WOOMO 11GCd 130Te 136Xe 150Nd )

The choice of TeO, guaranties good mechanical properties

and low radioactive contaminations.

P. Gorla
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TeO3 bolometers (ll)

Performances: 5x5x5 c¢cm3 TeO, (790 g) showed to have very good
energy resolution (<%o).

g A - 210Po « line
best 780 g detector: 80 |
1.4 keV FWHM @ 0.351 MeV - \
2.1 keV FWHM @ 0.911 MeV 0 -
2.6 keV FWHM @ 2.615 MeV %
3.2 keV FWHM @ 5.407 MeV ©
. ) g
4 N B
Best alpha measurement ever performed 2 4
A.Alessandrello et al, NIM A440 (2000) 397-402 | |
\ Y il ose o 2 wees e % aumellei i

IR LR L B LN R NN B LR ] LI L L
3200 4200 e 18 S000 SGO0 5800

Energy [keV]

Nevertheless resolution is far from intrinsic
limit: dominated by different phenomena
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Sensitivity (l)

Half-life corresponding to the maximum signal ng that could be hidden by the
background fluctuations at a given statistical C.L.
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Sensitivity (l)

Half-life corresponding to the maximum signal ng that could be hidden by the
background fluctuations at a given statistical C.L.

Isotopic abundance: for most
candidates enrichment is needed
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Sensitivity (l)

Half-life corresponding to the maximum signal ng that could be hidden by the
background fluctuations at a given statistical C.L.

~ R
Mass: actually in the 10-40
kg range; next generation in

| -ton scale
\_

SQ,/ X

Isotopic abundance: for most
candidates enrichment is needed
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Sensitivity (l)

Half-life corresponding to the maximum signal ng that could be hidden by the
background fluctuations at a given statistical C.L.

- )
: i - 4
II:lass. aci.:ually in the .IO4.0 Live time: 5-10 y.
Ig range,lnext generation in Limited by scientists
_"ton scale y live time
\. J
4 \/
J

Isotopic abundance: for most
candidates enrichment is needed
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Sensitivity (l)

Half-life corresponding to the maximum signal ng that could be hidden by the
background fluctuations at a given statistical C.L.

4 , )

Mass: actually in the .IO-4.0 " Live time: 5-10 y.

Il<g range;lnext generation in Limited by scientists

| “ton scale y live time

\. J
4 \/
MN{TYy"
S ' <
o <E)

\_ C J

[Isotopic abundance: for mostj

candidates enrichment is needed Resolution: detector A
dependent. Not big
L improvements expected )
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Sensitivity (l)

Half-life corresponding to the maximum signal ng that could be hidden by the

background fluctuations at a given statistical C.L.

kg range; next generation in

| -ton scale
\_

- )
Mass: actually in the 10-40

-

Isotopic abundance: for most
candidates enrichment is needed

dependent.

Resolution: detector

Not big

L improvements expected

~N

P Gorla 22

N
Live time: 5-10 vy.

Limited by scientists
live time

J

/

| M){T
Soy o<®\bJ/

(Background: currently)
this is the ONLY tunable
parameter to push
sensitivities of order of
\magnitudes.

J
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Sensitivity (l): discovery potential

4 p
l
{ W6, A A . ‘
j Cd, '\'ﬁ? Ov, T,,=6.7x107 yr “
iy i Tm =3.0x10" yr r
h=0.1M IM 4 )
= 0 ey 2vDBD is an unavoidable background for any
g 2500 3000 3500 . .
S OvDBD (neutrino tagging?).
5 s\ g, 7= 16010y ® N y
G - T,,=3.0x10"yr l—
g ] >
= ; Lf
2 Th=05M /: M 4 . : g
S o b \ , I . Energy resolution is a crucial parameter for any
2500 3000 3500 . o e
1 experiment aiming to measure OvDBD and not
‘ Bl v, T, =38x10%yr just increasing the sensitivity on the not
5 19 = ’
os] =310y observed process.
I \- y
‘ h=M IM
Y S AN, - —
2500 3000 3500
Energy (keV)
\ J

Yu.G. Zdesenko, FA. Danevich and V.I. Tretyak
J.Phys. G: Nucl. Part. Phys. 30 (2004) 971
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A starting point: the CUORICINO prototype

(The largest bolometric experiment up to now
operated from March 2003 to June 2008.
CUORICINO is a tower 62 TeO, bolometers with

_2 total mass 40.7 kg of TeO, (11.34 kg '*Te)

J

4 )
| | modules, 4 detector each

Crystals: 5x5x5 cm?,790 g

[

4 A i B

2 modules, 9 detector each
Crystals: 3x3x6 cm3,330 g

-
2 enriched in '28Te (82.3%) |
2 enriched in '3%Te (75%) P

2
backgroun
lead

0 cm low

€a

) ¢

Nitrogen
verpresur

)

Dilution
unit

[ ")

( Neutron )
shielding (10
cm borated

L PET) )

(Cold ﬁnger\
9 ~10 mK y
" 10ecm )
roman lead
(<4mBq/kg
\_ 2!9Pb)

-

1.2 cm A

roman lead
(<4mBq/kg

210
9 Pb) y

~

J
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CUORICINO @ LNGS

Installed in the Laboratori
Nazionali del Gran Sasso

INFN (ltaly) undrground
location

- J

P. Gorla

Cuoricino
CUORE
(hall A)
R&D facility for CUORE (hall C) &
\§
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CUORICINO
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Installed in the Laboratori

Nazionali del Gran Sasso

INFN (Italy) undrground

location
\_ Y,

‘the rock overburden
provides a 3500 m.w.e. shield
against cosmic rays
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CUOORICINO results

= D
> 4q5:(6°Co sum peak — Best Fit
&) "k 2505 keV 68% C.L
— 40 ~ 3 FWHM from . F - N
:—: {  DBD Q-value pest 90% C.L. 19.75 kg -y of 130Te total
2 IS5 exposure
§ 30 ;_ . Qpp = 2527 keV )
[ 25;_ So far no evidence of
~ 200 s ‘ OVDBD was found
% B --}
L il | 2 . [ T, >2.8x10% year @ 90% C.LJ
Sl { {
0 :l | ] I ] | 1 ] 1
2480 2560 2580

- Energy [keV]
UPPER LIMITS ON my (meV):

- 300-570 (QRPA)
F. Simkovic etal., Phys. Rev. C 77, 045503 (2008)

+ 360-580 (QRPA)
O. Clivitarese and J. Suhonen, J. Phys.: Conf. Ser. 173,(2009)

« 570-610 (SM
J. Mehendez et al.,, Nucl. Phys.A 818, 139-151 (2009)

- 350-370 (IBM)
9 J. Barea and F. lachello, Phys. Rev. C 79,044301 (2009) D
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CUORICINO performances

\
Average FWHM resolution @ 2615 keV :
Duty cycle ~ 60% & 3 @
~ 7.5 keV (5x5x5 cm?’ crystals)
- y,
(" FWHM at 2615 keV )
Typical calibration spectra (#32Th)
> 6000 2615 keV “
2 U 911 keV g .
. - 511 keV |25 » °
:’ 5()()() ? e'e % ’.:.
% . g
I~ - N
= 4000 — 965 + 969 keV b
S = 583 ke V| |225Ac < s
3000 2057 .
2000 — 1588 + 1593 keV 5104 keV e T e T e T e Tu T
= 228 A ¢ double escape .\:Il"'rle e:;‘]pc FWHM [keV)
- from 2615 keV e , a‘ 5
1000 h}z:\l.—( - - 5x5x5 crystals
<FWHM> 7.5 +/- 2.9 keV
% 500 1000 1500 2000 2500 3000 3H3m61 CEVStals .
B <FWHIM> 9.6 +/- 2. eV
Energy (keV) y
\
Reproducibility of the
detector performance ol
\ 0 0.5 1 )
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CUORICINO performances

\
Average FWHM resolution @ 2615 keV :
Duty cycle ~ 60% & 3 @
~ 7.5 keV (5x5x5 cm?’ crystals)
- Y,
( FWHM at 2615 keV )
Typical calibration spectra (#32Th)
> 6000 2615 keV
2 U 911 keV g ‘
. - 511 keV  |[2285, . ©
— 5000 o
- 5.
[ - 8
= - =
= 4000 965 + 969 keV =
) - 583 keV] | 2¥Ac B
3000 et .
2000 |~ 1588 + 1593keV 5 104keV ¢« " o " a " u o
= 228 A ¢ double escape \‘:Il"'ile e~::1pe FWHM [keV)
- from 2615 keV Euul.ﬂ(;l g
1000 kc\."' ' - 5x5x5 crystals
<FWHM> 7.5 +/- 2.9 keV
% 500 1000 1500 2000 2500 3000 3;\;; CEYstals -
- "” V X :-') - 0 + "’ - —‘ N :e*\l"
Energy (keV) y
- )
Reproducibility of the [ -
detector performance o g
§20<>00:— E:’ i ExXS5x S om?® crystals
10000:— ; EI :I
S
k ‘ 100 200 300 400 SO0 uV'MeV )
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CUORICINO background

In the OVDBD region:

Yy + Qovpp
10° E | v (2527keV) I

11

U (e N

W‘Wwww

-

— —
o o
N -
E‘I’W’I [ TTTI .,
— ]

coutns/keV/mass

|

2500 2550 2600 2650 2700 2750

energy [keV] _
30 £ 5 % 22Th in cryostat (Y)

20 £ 5 % TeO, surface (&)

Bkg @ OVDBD region = 0.18+0.01 c/keV/kgly
(ainticoincidence spectrum, 5x5x5 cm? crystals) B

L —

50 £ 10 % Cu surface (&)

—

 Flat background in the energy region above the 208T]
2615 keV line: contribution to the counting rate in the
\OVDBD region: ~ 70% . Origin: degraded alpha particles.

J
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Degraded alpha background

-

4 )
. J
4 )
- J
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Degraded alpha background

10 | 208T]

214Bj Il

P

{
6OCO |

OvDBD

{—_-'E:TTIII IIIIHHI |

Counts/keV/kaly

L e L ol
......... 4 o

™~ 3
o
='—‘:_
_i'_-
f
—ifi_
=
1—
i
==
:E
——

S [TTT

23 2500 2700 2800 2900 3000 3100 3200
\ E IkeV]
4 . p
A well know bkg source in DBD
experiments are degraded & particles:
\_ y
4 N

B\

Detector

Non active surface:
\ holder, shield, etc. )
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Degraded alpha background

'fa“_’ ’ E_ ovDBD
z i ' 1 |
S . ﬂ 1” ﬂkd\rﬁl} h ’”’J lf‘L“ﬁMHN | *N"‘-' N I | Ll Al ||
E ”'J f Hi | 'I | | | \. |J|, L.
L 2300 2500 oo 2800 2900 3000 3100 E_nsgsyz'loo

;
A well know bkg source in DBD
experiments are degraded & particles:

X produced near the surface will loose part

of its energy in the material an part on the
(detector

J
4 )

T~

Detector

NN N\ N\

Non active surface:
\ holder, shield, etc. )
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Degraded alpha background

1

0

{ 208T]|

experiments are degraded & particles:

X produced near the surface will loose part
of its energy in the material an part on the

Eletector y
4 )

S

v

%

A

e

Y Detector

Non active surface:

\ holder, shield, etc. )
P. Gorla

= 214 l"
) E ' 60Co |‘|
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= |
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(A well know bkg source in DBD
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CUORE R&D

® Detector behavior improvement:

® Resolution
® Reproducibility

® Degraded alpha background reduction:

® TeO?2 crystals surface cleaning

® Cu surface cleaning
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Detector behavior improvement

Thermal noise (Thermo-phononic noise): baseline
fluctuation due to thermal energy (phonons)
dissipations in the detector. Main source:
mechanical vibrations converted in to heat via

friction.
\_ y

4 . . . . )
Sensitivity to noise: [resolution broadening]/

" In CUORICINO the resolution |

\(FWHM) is ~7.5 keV @ 2500 I<eV)

(Energy of the mediator (phonon) ~
0.0l eV. We are far from intrinsic
resolution. The broadening of the
peak is dominated by other

[vibration intensity]
\ J

+
[Intrinsic Thermal effects (ballistic phonons?J

position effects?)

P Gorla 32

\phenomena: thermal noise. )

(Goal: reduce sensitivity to noise)
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A new design

4 p
Studying the thermal contraction of the different

materials and their elasticity (Young module) a
new prototype of copper and PTFE supports was
designed to minimize the possibility of relative
_movements of the different parts (friction).

J

P.Gorla 33 BNL - May 20 201 |



A three floor tower was projected and designed, in
a way that at least | floor is in a tower-like situation.

4 )

AE,, 5.7 +/- 1.0 keV

G J

This result was confirmed in other 4 |2-detectors

tests and the new setup was adopted by the
collaboration
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Results

P. Gorla

[

a way that at least | floor is in a tower-like situation.

A three floor tower was projected and designed, in J

-

-

AE

ave

AECUORICINO

N
5.7 +/- 1.0 keV

7.5 +/- 2.8 keV
Y,

This result was confirmed in other 4 |2-detectors
tests and the new setup was adopted by the
collaboration
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Estimation method

\_

(Measuring very low background in the OvDBD region (100 keV) will A
need extremely long measurements: to measure 0.01 c/keV/kgly
with an accuracy of 10% it will take years. Since the continuous
background is the same above 2615 keV we can estimate it in that
wider region

keV

(~3 counts/day on 10)
Kg detector for the
CUORICINO bkg,
but we want to
measure |0 times

dess y

Y,
41.0-
OvDBD
,2 region
3 ' Cuoricipno: 0.12 +/-
3 0.0l c/keM/kgly (5x5x5)
D'o-ll_lu-llLLm_n L 1 1 — i I 1' 1 Ill 1 uL | T 1 l
2500 " 3500 Y 4500
3 4\I‘(’I \
2615 keV 206T] e
Y peak
A big background reduction in this region will confirm our
capability to reduce the background in the DBDOV region
P. Gorla 36
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Crystal cleaning

Two different approaches:
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Crystal cleaning

Two different approaches:

-

0,

Crystal etching with ultra pure Nitric acid: the acid remove the
contaminants but leave a layer of molecules that generates a thermal
interface between crystal and thermistor. — Irreproducible pulse
shapes, bad behavior.

N—

—

P. Gorla
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Crystal cleaning

Two different approaches:

-

\_

0,

Crystal etching with ultra pure Nitric acid: the acid remove the
contaminants but leave a layer of molecules that generates a thermal
interface between crystal and thermistor. — Irreproducible pulse
shapes, bad behavior.

;
@ Lapping crystals with 24 SiO, radio-pure powder does not leave

material on the surface, but mechanically acting part of the
contaminants are re-implanted in the crystal (a few ).
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Crystal cleaning

Two different approaches:

-

\_

0,

Crystal etching with ultra pure Nitric acid: the acid remove the
contaminants but leave a layer of molecules that generates a thermal
interface between crystal and thermistor. — Irreproducible pulse
shapes, bad behavior.

;
@ Lapping crystals with 24 SiO, radio-pure powder does not leave

material on the surface, but mechanically acting part of the
contaminants are re-implanted in the crystal (a few ).

\
Combining the two approaches we obtained clean
crystal without thermal conduction limitations.
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A final test: the three towers

4 p
In June 2008, after the shut down of

CUORICING, the collaboration decided to
prepare a large mass detector to test the Cu
contaminations in 3 different configurations
inside the same crysotat (some background

and operation conditions).
- J

N o P—

dinem
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e — 5
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The three towers (1)

Tl
Polyethylene

Cleaning:
* Soap
* H;O, + HO +
Citric acid

Polyethylene:
7/ layers
Complete coverage

T2

Chemical New
Cleaning:

* Soap
¢ Electro erosion: 85%

phos
1 0%
e Etc

bhoric acid, 5% butanol,
-,0

ning: Nitric acid

ePassivation: HO; + H,O +
Citric acid

T3
Plasma cleaning

Chemical and

electrochemical
+

plasma cleaning

P. Gorla
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The three towers (ll)
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The three towers (lll)

T3T is a Rn suppressed
test
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The three towers (lll)

T3T is a Rn suppressed
test
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The three towers (lll)

T3T is a Rn suppressed
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T3T is a Rn suppressed
test
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T3T is a Rn suppressed
test

“ U DINL - I'Tay 2U 2Vl |



T3T is a Rn suppressed
test

Total air exposure:
less than 2 days
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The polyethylene

-
Copper completely covered by a
polyethylene foil to shield alpha
\particles

\

J

P Gorla
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The polyethylene

-
Copper completely covered by a
polyethylene foil to shield alpha
\particles

\

J

-

\_

Measuring contamination from a Cu sample the
Surface to Volume ration (S/V) is very small. With
standard detectors (HPGe) is difficult/impossible to
see these contaminations. For the |2 pm polyethylene
foil S/V is in favor of S so the HPGe measurement is a
surface contamination measurement

J
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The polyethylene

-
Copper completely covered by a
polyethylene foil to shield alpha
\particles

\

J

-

\_

Measuring contamination from a Cu sample the
Surface to Volume ration (S/V) is very small. With
standard detectors (HPGe) is difficult/impossible to
see these contaminations. For the |2 pm polyethylene
foil S/V is in favor of S so the HPGe measurement is a
surface contamination measurement

Sl R -
- . .

. - * 1 ey NPy
W ¢
\ .

J
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The polyethylene

(Copper completely covered by a)

polyethylene foil to shield alpha
\particles

J

4 . ..
Measuring contamination from a Cu sample the

Surface to Volume ration (S/V) is very small. With
standard detectors (HPGe) is difficult/impossible to
see these contaminations. For the |2 pm polyethylene
foil S/V is in favor of S so the HPGe measurement is a

surface contamination measurement
G J

" ,‘_"
-5 o " e ST 4
1 APy ST
(“.-M - - o
\ )
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The three towers (1V)

"« 8 months full time activity (30 scientist)

* complete disassembling of CUORICINO

* 3 independent tower built
* 36 bolometers built
e complete reprocessing of all CUORICINO

crystals according to CUORE standards

_® 72 thermistor + 36 heaters glued
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The three towers (1V)

* 8 months full time activity (30 scientist)
e complete disassembling of CUORICINO
* 3 independent tower built

* 36 bolometers built

e complete reprocessing of all CUORICINO

crystals according to CUORE standards

* 72 thermistor + 36 heaters glued
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CUORE prospects

P. Gorla
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CUORE prospects
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CUORE prospects

bcuoricino = 0.18 c/keV/kgly

4 ) 4 ™
M- T >M i 20 - Mcuoricino )
SOV O( % r —_ r/2 )
"0 [ Timeas = 5 - tCUORICINOG |
\ y g J
g
Background?

10° |

10 |

;J ‘-"
bela ramibearp Y Y
AR

~N

232Th in cryostat: reduced with selected matherials
and better shielding

(CUORE Tl line bkg = < 10 c/keVikgly )

g :
§ 1 v T Al bl 1T b TeO3 surface: proper surface treatments
gm_,i | 1‘ Yy fll"lw[{u]‘p”' iy (Hall C measured contamination < 3 10-3 c/keV/kg/y)
Ll ol AL s - I L L] Surfaces facing detectors: work ongoing
2500 2550 2650 2700 2750
energy [keV)
TTT measured contamination ~ 3-4 10-2 c/keV/kg/
y.
\
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CUORE prospects

bcuoricino = 0.18 c/keV/kgly

4 ) 4 ™
M- T >M i 20 - Mcuoricino )
SOV O( % r —_ r/2 )
"0 [ Timeas = 5 - tCUORICINOG |
\ y g J
g
Background?

10° |

10 |

P
‘fﬁf':—:u‘u;u’ip[p'nh}ww“r‘“ o A e P e

~N

232Th in cryostat: reduced with selected matherials
and better shielding

(CUORE Tl line bkg = < 10 c/keVikgly )

g :
§ ey )] e TeO3 surface: proper surface treatments
%10_,;‘ | 1‘ Ty fll“l"m‘[ﬁ,]‘f’,”' iy (Hall C measured contamination < 3 10 c/keV/kg/y)
10 2500 - L LML L - Surfaces facing detectors: work ongoing
energy [keV)
TTT measured contamination ~ 3-4 10-2 c/keV/kg/
y.
\
(" e . . A
Background Sensitivity Effective Majorana Mass
0.01 c/keV/kgly (realistic) TR =21 - 10%y 19-100 meV
\ y
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Status of the CUORE
experiment
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CUORE has a dedicated site in LNGS: building and clean

room completed.

(Summer 201 1: first CUORE tower assemble
_in Gran Sasso (CUORE-0 prototype)

(1 .
\Late 201 |: cryostat commissioning.

d
J
)
J
[Dec 201 1: start the assembly of all the]

CUORE detectors

P. Gorla
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Beyond | ton!

Phase |: scrutinize
HM-KK evidence
[ not
confirmed
v

Phase |l: explore the

Inverted Hierarchy /

(IH) option
\ J

v
Ef my is in the IOO-SO]

meV region

" 99% CL (1
107 107 107 107! 1
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A lot of evidences to
come in next |0 years!

A ( The golden experiment (enriched scintillating CUORE, h
: . 4 : . :
(No evidence ) N high resoI}Jtlon Ba. t‘z‘lgglng EXO, )” a ton scale enriched
experiment with “0 background”and good energy
resolution—exclude the |H region
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The zero background challenge

4 p
“Zero background” (OB) experiments:

experiments in which the background level B is so low that the expected number of background

events in the region of interest along the experiment life is of order of unity:b-M-T-I' = O(l)In

this case the sensitivity equation assumes a simplified form in which the finale square root is
substituted by MT/nL where nL is a constant depending on the chosen CL and on the actual

number of observed events.
_ y

SOVOCZ..OJ.'€°M'T

\_

In a CUORE like experiment | need to push b from ~0.01
to > 10-3-10* counts/keV/kgly
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CUORE background

* Degraded alpha is our nightmare A
* |F our understanding is correct removing/tagging surface
events will convert 0.001 dream to reality
- J
( Background in Ratio ¢
Component DBD region minimal goal
(10 c/keVikgly)
Environmental gamma <l <0.1
Apparatus gamma | <1 <0.1
| Crystal bulk | <0.1 | < 0.01
Crystal surfaces <3 ‘ <0.3
Close-to-det. materialbjk | -] <0.1
Close-to-det. material SJ,‘aCC. ~ 20 - 40 ~2-4
Neutrons ‘ ~ 0.1 ' ~ 0.01
S Muons | ~ 0.1 | ~ 0.01
P. Gorla 50
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Active discrimination techniques (l)

- N
e N - N
Lo
4-//
TeO, TeO,
_ 3\‘7{( Y,
copper
Degraded alpha particles 4 )
\_ J ol ofe. o
Possibilities
e alpha/beta
e surface event
- Y,
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Active discrimination techniques (ll)

(Surface event tagging)

Surface
Sensitive Bolometers

NbSi deposition

P. Gorla

| alpha/beta discrimination )

( heat bath \

temperature sensor

alpha decay

~—— eak thermal coupling

reflective foil

scintillating bolomete

light detector

Scintillating Bolometer

temperature sensor

gamma

alpha decay

heat bath

— weak thermal coupling
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J
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Scintillating Bolometer fo

r Ov-DBD search

r

AS in many DM experiments the use of
combined detectors (scintillating
bolometer) allows background rejection.

Measuring the different light emission for
different radiation allows background
rejection.

-

Radiation

N

Main crystal

Light

Light detector

J
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r Ov-DBD search

r

Scintillating Bolometer fo

4 p

AS in many DM experiments the use of Radiation —

combined detectors (scintillating

bolometer) allows background rejection. \

Measuring the different light emission for i} Light

different radiation allows background

rejection. JL Main crystal Light detector )
- N (- >
Bolometer: Bolometer (as in DM

63 mm diam. | mm
thick pure Ge disk

 Good energy resolution
Many DBD emitters
available (*8Ca,'Mo,''eCd,

experiments):

Must work at few mK
Easy operable, low
radioactive contaminations

%Zr,...)
N\ J

. J

Sensors: NTD 3x3x2

Ge thermistors

cm’? CdWO4
(140 g) crystal




Scintillating Bolometer for Ov-DBD search (Il)
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Scintillating Bolometer for Ov-DBD search (Il)
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Scintillating Bolometer for Ov-DBD search (Il)
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Scintillating bolometer vs Cerenkov

* The setup is the same
* The big advantage of Cerenkov is that works also on TeO> !!

* The big problem is the extremely good light detector needed

e about 350 eV EMITTED as Cerenkov photons

* taking into account self-absorption, total reflection and light collection a light
threshold better than 100 eV is needed: extremely challenging!

* Bolux (DBD-R&D) light detector has something between 250 and 500 eV

e CRESST has about 50 eV
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Proposed Technique

P. Gorla

-
heat bath
= <~ .
temperature SEeNSOr < ~ weak thermal coupling
f \\ \
— reflective-scintillating foil
alpha decay
TeO,
\\
/'.(Y
& / \\ J
temperature sensor/ = \
- light detector
-

J
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How much light?

e From >°Fe calibration of the light detectors we derive that an alpha of 5.3
MeV produce about | keV of photons

* We need to tag alpha which release 2.5 MeV on the TeO; crystal

* The alpha decay with lower energy belonging to natural chains is the
232Th that have a Q-value of 4.01 MeV

* We need to detect down to |.5 MeV alphas

e Plastic scintillators are extremely non linear for alpha particles
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Proposed Technique (upgraded)

heat bath

=

=~ weak thermal coupling

N
reflective foil

/ A proper plastic

scintillators should
TeQ, crystal guarantee about |10
times more light

NTD thermistor \
f

alpha decay

scintillator foil

|\
NTD thermistor / = \

light detector
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Summary

4 )
* Applies also on TeO,
* Does not need a extremely low threshold light detector
e Alphas coming from copper are fully stopped by the foil
* The foil contaminations are tagged as well
* Next Step: Test!

. J
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Conclusions

* In the past 20 years bolometers became a actual alternative to conventional
radiation detectors for rare events applications.

* CUORE is a neutrinoless Double Beta Decay experiment that aims to start
exploring for the first time the inverted hierarchy mass region.

e CUORICINO has operated @ LNGS from March 2003 to June 2008 with
excellent performances, demonstrating the feasibility of a large scale
bolometric detector.

* The R&D results confirm the feasibility of an high sensitivity OvDBD
experiment.

* CUORE is the only second generation OVDBD experiment in construction
phase. The first data is expected in 2012.

* The future of the technique is in composite detectors: adding a scintillator
around TeO; crystals we can put together the advantage of the CUORE
detectors with a powerful bkg reduction technique.

* The race for a zero bkg experiment is started!
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